In synaptic transmission, vesicles are proposed to dock at presynaptic active zones by the association of synaptobrevin (v-SNARE) with syntaxin (t-SNARE). We test this hypothesis in Drosophila strains lacking neural synaptobrevin (n-synaptobrevin) or syntaxin. We showed previously that loss of either protein completely blocks synaptic transmission. Here, we attempt to establish the level of this blockade. Ultrastructurally, vesicles are still targeted to the presynaptic membrane and dock normally at specialized release sites. These vesicles are mature and functional since spontaneous vesicle fusion persists in the absence of n-synaptobrevin and since vesicle fusion is triggered by hyperosmotic saline in the absence of syntaxin. We conclude that the SNARE hypothesis cannot fully explain the role of these proteins in synaptic transmission. Instead, both proteins play distinct roles downstream of docking.
Introduction
The directed movement of molecules within and between cells depends on the precise targeting of transport vesicles to specific membrane compartments. The SNARE hypothesis proposes that this specificity is achieved through the mutual recognition of an integral vesicle protein (v-SNARE) and an integral target membrane protein (t-SNARE; SSIIner et al., 1993a SSIIner et al., , 1993b Bennett and Scheller, 1994; Jahn and SLidhof, 1994) . In synaptic transmission, transmitter vesicles are believed to be targeted to fusion sites in the presynaptic membrane by the association of a specific VAMP, neural synaptobrevin (n-synaptobrevin) (v-SNARE), with the target membrane protein syntaxin (t-SNARE; S61-Iner et al., 1993a S61-Iner et al., , 1993b Pevsner et al., 1994) . The binding of these proteins is proposed to mediate vesicle "docking" at their specialized fusion sites, a prerequisite state for Ca2÷-dependent exocytosis.
*The first two authors contributed equally to this work.
In vivo tests of the SNARE hypothesis at the synapse have made use of clostridial neurotoxins, peptide fragments, and monoclonal antibodies as tools specifically to cleave or inhibit syntaxin and synaptobrevin (Blasi et al., 1993; Bennett et al., 1993; Niemann et al., 1994) . Cleavage of syntaxin by injection of botulinum neurotoxin C1 into squid synapses (Blasi et al., 1993) or injection of syntaxin-lA (syn-lA) fragments or anti-syntaxin antibodies into PC12 cells both cause a depression of Ca2÷-dependent transmission (Bennett et al., 1993) . Likewise, cleavage of synaptobrevin by injection of the tetanus neurotoxin into squid synapses decreases synaptic transmission (H u nt et al., 1994) . Vesicles continue to cluster and dock at squid presynaptic active zones following tetanus injection (Hunt et al., 1994) , suggesting that synaptobrevin may not be required for this process in the squid. However, the role of syntaxin in directed vesicle docking has not yet been tested.
In recent years the powerful genetics of Drosophila has provided tools to study the development and function of synapses (reviewed by Broadie, 1994 Broadie, , 1995 . In Drosophila, there is a neuraily expressed synaptobrevin gene, n-synaptobrevin, and a ubiquitously expressed homolog, synaptobrevin, suggesting that these proteins might be functional homologs of the vertebrate synaptobrevin and cellubrevin, respectively (Chen et al., 1993; DiAntonio et al., 1993) . In addition, a single Drosophila syntaxin homolog has recently been identified that shows strong homology to rodent syn-lA (82% similar; Schulze et al., 1995) . In this study, we make use of Drosophila strains lacking n-synaptobrevin or syntaxin to study the synaptic roles of these proteins. Previous studies (Schulze et al., 1995; Sweeney et al., 1995) have shown that both syntaxin and n-synaptobrevin are essential for evoked synaptic transmission in Drosophila. Here, we attempt to define the level of this activity blockade. We show at the ultrastructural level that neither n-synaptobrevin nor syntaxin is required to dock mature vesicles at presynaptic active zones. We show that while spontaneous vesicle fusion persists in the absence of n-synaptobrevin, it is eliminated in the absence of syntaxin. We show that loss of n-synaptobrevin or syntaxin blocks fusion in response to a Ca2+-independent fusion signal (latrotoxin) but not to nonspecific fusion stimuli (hyperosmotic saline). These experiments suggest that both proteins function downstream of docking: syntaxin is required for all vesicle fusion at the synapse, whereas n-synaptobrevin is required only for Ca2÷-dependent fusion. We conclude that the simple SNARE hypothesis as currently formulated cannot fully explain vesicle targeting during synaptic transmission.
Results

Deletion of Syntaxin or n-Synaptobrevin Eliminates Synaptic Transmission
Both syntaxin and n-synaptobrevin are strongly expressed in the Drosophila nervous system, and, at maturity, both The expression of n-synaptobrevin in the mature larval NMJ. The protein is strongly expressed in synaptic boutons (arrow), the sites of presynaptic active zones, but absent, or at very low levels, in the motor axon (arrowhead) and peripheral motor nerve (N).
(B) $yntaxin is strongly expressed in synaptic boutons (arrow) and also in individual motor axons (arrowhead) and a large number of axons within the peripheral nerve (N).
(C-E) Mature embryonic synaptic morphology at the muscle 6/7 NMJ (arrows) in wild type (C), TNT (D), and syx (E) embryos stained for the integral vesicle protein synaptotagmin. The NMJ morphology and synaptic boutons (arrowheads) are indistinguishable in wild type (C) and TNT (D). In syx (E) the NMJ occupies its normal domain and contains normal boutons (arrowhead), though, on average, the number of boutons is reduced 30%-50% relative to normal. Scale bar, 5 ~.m.
proteins are highly enriched at neuromuscular junction (NMJ) boutons (Figures 1A and 1B) . Synaptobrevin is largely restricted to these sites of vesicle release and shows only low levels of expression in the motor axons ( Figure 1A ). Likewise, syntaxin is enriched in synaptic boutons, but is also expressed at high levels throughout the axons of the peripheral nerves ( Figure 1B ). Thus, while both syntaxin and n-synaptobrevin proteins are present in presynaptic boutons, only n-synaptobrevin shows significantly restricted expression to these sites ( Figure 1 ). The dispersed expression of syntaxin contrasts strongly with the localized expression of other synaptic proteins such as synaptotagmin and cysteine string protein (Zinsmaier et al., 1990) . Recently, we have removed syntaxin or n-synaptobrevin from Drosophila using distinct genetic approaches (see Experimental Procedures; Schuize et al., 1995; Sweeney et al., 1995) . Deletion of either protein results in paralysis and embryonic lethality, and evoked synaptic transmission is completely eliminated at the NMJ (Figure 2 ). However, in the absence of either protein, the postsynaptic membrane responds normally to the applied neurotransmitter, L-glutamate, indicating that transmitter receptors cluster normally in the postsynaptic membrane ( Figure  2 ). These observations suggest that both n-synaptobrevin and syntaxin may be required for the presynaptic release of transmitter vesicles. In the following, we analyzed mature embryonic NMJs in syntaxin null mutants (syx) and embryos lacking n-synaptobrevin due to the transgenic expression of TNT with various techniques to determine in which transmission step n-synaptobrevin and syntaxin proteins are required.
Mature Synapses Develop in the Absence of Either Syntaxin or n-Synaptobrevin
The loss of syntaxin or n-synaptobrevin might lead to a number of presynaptic defects. One possibility is that these proteins are required for synaptic development. However, in the absence of either protein, NMJs develop in the normal synaptic domain of target muscles and differ- All records were made in mature embryos (22-24 hr AEL) from muscle 6. In wild-type (WT) embryos, a robust synaptic current is observed, whereas in TNT-expressing embryos or syntaxin null mutant (syx) embryos, the evoked synaptic current is abolished. In all three genotypes, the postsynaptic muscle membrane responds normally to the iontophoretically applied transmitter L-glutamate, indicating that a normal postsynaptic receptive field is present and functional. Thus, both n-synaptobrevin and syntaxin are essential components of the presynaptic signaling machinery.
entiate boutons that are indistinguishable from wild type at the light microscope level (see Figures 1C-1E ). TNT embryos show completely normal NMJs with the wild-type number and distribution of synaptic boutons (see Figure  1D ), whereas the number of boutons is reduced on average by 30%-50% in syx mutants (see Figure 1E ). The reduction of synaptic boutons in syx would be predicted to attenuate the evoked synaptic current but could not explain its complete elimination (Figure 2 ).
Besides morphological criteria, we tested TNT and syx for subcellular components by making use of existing antibodies. The transmitter L-glutamate accumulates at high concentrations in presynaptic boutons of syx and TNT and is indistinguishable from wild type (data not shown). Likewise, cysteine string protein, synaptotagmin, syntaxin (in TNT), and n-synaptobrevin (in syx) are expressed in the normal abundance and distribution in the absence of either syntaxin or n-synaptobrevin (synaptotagmin localization shown in Figures 1C-1E) . Thus, the synapse accumulates the normal presynaptic proteins involved in evoked vesicle fusion. We conclude that defective synapse development, the absence of presynaptic transmitter, or the loss of other known components of the presynaptic vesicle release machinery does not explain the syntaxin or n-synaptobrevin mutant phenotypes.
Vesicles Dock at Active Zones in the Absence of Syntaxin or n-Synaptobrevin Synaptic vesicles are normally docked at specialized release sites at the presynaptic membrane in preparation for evoked fusion (Kelly, 1993) . According to the SNARE hypothesis, removal of either n-synaptobrevin or syntaxin from the synapse should block the targeted docking of vesicles to the presynaptic membrane (Pevsner et al., 1994) . Such a block would be expected to eliminate synaptic transmission and so might explain the Drosophila mutant phenotypes. To test for this possibility, we analyzed wild-type, syx, and TNT NMJs at the ultrastructural level.
Most NMJs in the Drosophila embryo contain boutons with specialized presynaptic densities, so called t-bars (Osborne, 1975) , which most likely correspond to the type I boutons described for the larva (Johansen et al., 1989) . This is the only bouton type present at the NMJ of muscles 6 and 7 (Atwood et al., 1993; Jia et al., 1993) , the synapse we used for our electrophysiological studies (see Figure  1C) . At late larval stages, type I boutons are embedded in the muscle tissue and completely surrounded by reticular muscle specializations, the subsynaptic reticulum (e.g., Osborne, 1967; Lahey et al., 1994) . In the late wild-type embryo, such boutons are only half embedded in the muscle tissue, and the other half is covered with basement membrane. Subsynaptic reticulum is not yet detectable, although occasional simple tubular invaginations of the muscle membrane can be observed (data not shown). Vesicles in such boutons are mostly translucent, are 30-40 nm in diameter, and are concentrated in a cloud surrounding the electron opaque t-bars ( Figure 3 ). These t-bars are composed of a stem, about 50 nm in height, separated from a bar-like roof by a very narrow gap. The pre-and postsynaptic membranes underlying these t-bars appear smooth and electron dense over a stretch of several hundred nanometers and are separated by a very regular cleft of 15 nm. Only in these regions a line of electron opaque material can be detected in the cleft, more closely associated with the postsynaptic membrane (for discussion see Osborne, 1975) . Such t-bar areas are identical in size and appearance to larval sites in Drosophila (e.g., Atwood et al., 1993; A. P., unpublished data) and are believed to be the vesicle release sites comparable to active zones in vertebrate NMJs (Heuser and Reese, 1973; Osborne, 1975; Heuser et al., 1979; Probst and Ko, 1987; Govind et al., 1980; Jia et al., 1993) . ]he presence of morphologically mature release sites in late embryos correlates with the finding that embryonic NMJs at this stage have mature electrophysiological properties Bate, 1993a, 1993b) .
The ultrastructure of embryonic synapses in syx and TNT mutants was largely indistinguishable from wild type ( Figure 3 ). in particular, all three genotypes showed localized clustering of clear synaptic vesicles at t-bar release sites in both the NMJ (Figure 3 ) and in the CNS (data not shown). When vesicles were counted within a range of 180 nm (5-vesicle diameters) from release sites, syx showed a comparable number of clustered vesicles to wild type (Table 1). In contrast, TNT release sites showed an approximately 50% increase in clustered vesicles, a highly significant increase over wild type (Table 1) . in all three genotypes, vesicles were found in direct physical contact with the t-bar and the electron dense presynaptic membrane under the bar-like roof of t-bars (Figure 3) , a position at which exocytotic figures were reported in the larva (Jia et al., 1993) . In both syx and TNT, the percentage of clustered vesicles that contacted the membrane (or were distributed up to a vesicle diameter distant from the membrane) was A B Figure 3 . By Ultrastructural Criteria, Synaptic Vesicles Dock at Presynaptic Release Sites in the Absence of Either n-Synaptobrevin or Syntaxin The left and right images represent sequential sections of the same release site, taken from embryonic wild-type (A and B), TNT (C and D), and syx (E and F) synapses. All release sites show the typical features (e.g., t-bars, electron dense membrane, synaptic cleft material) described in the text. In all three genotypes, vesicles directly contact the presynaptic membrane (open arrows) and .appear docked. In all three genotypes, docked vesicles (open arrows) are located under the bar-like roof of release site t-bars, the position at which exocytotic figures were reported in the larva (Jia et al., 1993) . Scale bar, 200 nm.
significantly increased c o m p a r e d with wild type (Table 1) . According to ultrastructural criteria (see, e,g., H e u s e r et al., 1979; B o m m e r t et ai., 1993; Hess et al., 1993; Hunt et al., 1994; DeBello et al., 1995) , we consider these vesicles to be docked. Thus, both vesicle clustering and docking at release sites occur normally in the a b s e n c e of either syntaxin or n-synaptobrevin, and the n u m b e r of d o c k e d vesicles is significantly increased in the a b s e n c e of either protein.
In TNT embryos, both N M J s and central s y n a p s e s ap- The total length of release site membrane and number of analyzed independent sections are given for each genotype. Clustered vesicles are counted as those within 180 nm (5-vesicle diameters) of the release site. Docked vesicles are counted as those within 40 nm (< 1-vesicle diameter) of the release site. Significance was analyzed using the Mann-Whitney U test.
pear morphologically normal ( Figures 3C and 3D ). In syx, the only detectable morphological abnormality at the ultrastructural level was an unusual abundance of enlarged vesicles (>45 nm diameter) besides normal vesicles (Figures 3E and 3F) . Among vesicles counted at release sites, 8% were enlarged in syx compared with 1% in wild type and 2% in TNT. These enlarged vesicles could be seen throughout the synapse but also in direct contact with the presynaptic membrane at t-bar release sites ( Figures 3E  and 3F ). The same specific defect was detected in embryos mutant for the hypomorph allele P[syx] (27.4% _ 8.2% clustered vesicles per micrometer of membrane; 21.5% __. 8.4% docked, 7.6% enlarged), suggesting a primary rote of syx in this phenotype. The significance of this defect is unclear but is clearly separable from the electrophysiological block since both evoked transmission and spontaneous release persist in P[syx] hypomorphs (Schulze et al., 1995) . As the deletion of syntaxin or n-synaptobrevin still allows for proper docking of vesicles, we next asked whether these vesicles were also capable of fusing spontaneously to the presynaptic membrane. Like other synapses, the embryonic Drosophila NMJ shows spontaneous miniature excitatory junctional currents (MEJCs) in the absence of stimulation Kidikoro and Nishikawa, 1994) . Such M EJCs are believed to result from the spontaneous fusion of synaptic vesicles with the presynaptic membrane. In the normal range of recording salines (1-2 mM Ca2÷), spontaneous MEJCs occur at a high frequency and multiquanta events are common, making analyses difficult (see Discussion). In the absence of external Ca 2÷, the Ca2+-dependent multiquanta events are largely eliminated . However, two distinct classes of MEJCs are still observed (Figures 4A and 4C) : rare class 1 MEJCs (<0.01 Hz), with a larger amplitude and rapid time course, and more common class 2 MEJCs (0.1 Hz), with a smaller amplitude and markedly slow time course. It appears that class 1 MEJCs represent quanta in the patch-clamped muscle and class 2 MEJCs represent quanta in adjacent, electrically coupled muscle fibers (see Discussion). In this analysis, we pool these two MEJC populations (Figure 4 ). In TNT, both class 1 and 2 of MEJCs occur at the mature embryonic NMJ, though at a frequency approximately half that of wild type (Figures 4B and 4C; Sweeney et al., 1995) . In contrast, in syx mutants, all MEJCs are essentially absent at the NMJ, though extremely rare fusion events are still observed (<0.005 Hz; Figure 4 ). Unlike TNT, syx mutants do not display any increase in MEJC frequency in the presence of external Ca 2÷ (Schulze et al., 1995; Sweeney et al., 1995) . Though syx embryos failed to display MEJCs, they still showed clustered and docked vesicles at release sites when subsequently analyzed at the ultrastructural level (data not shown). These observations show that docked vesicles in TNT are functional and that n-synaptobrevin is not required for their spontaneous fu- To characterize further the regulatory level at which n-synaptobrevin and syntaxin are required, we studied the effect of known independent signals on transmission in TNT and syx. One such method is the application of black widow spider venom (BWSV) (Magazanik et al., 1992; Ramaswami et al., 1994) . A component of BWSV, latroinsectotoxin, triggers both Ca2+-dependent and Ca2+-independent fusion of synaptic vesicles at insect NMJs that is independent of depolarization (Magazanik et al., 1992; Ramaswami et al., 1994; see Discussion) . In mature embryonic NMJs, application of BWSV elicits high levels of synaptic vesicle fusion in the presence of external Ca 2+ and a smaller, though still robust, vesicle fusion that is Ca 2+-independent ( Figure 5A ). Under Ca2+-free conditions, BWSV application results in a 10-fold increase in MEJC frequency at the NMJ ( Figure 5B ). Ultrastructural analysis of embryos treated for 10 rain with BWSV reveals normal clustering of vesicles at active zones (data not shown; see also Clark et al., 1970 Clark et al., , 1972 . Thus, there is no indication for the possibility that latrotoxin-induced release takes place at sites other than the presumptive active zones.
In TNT synapses, both the Ca2+-dependent and Ca 2÷-independent BWSV-induced vesicle fusion is blocked (Figures 5A and 5B). When BWSV is applied to the synapse, the spontaneous vesicle fusion rate continues unaltered ( Figure 5A ). Thus, both a depolarization-independent Ca 2+ trigger and a separate Ca2÷-independent signal fail to trigger vesicle fusion in the absence of n-synaptobrevin. Likewise, in syx mutants, BWSV does not induce appreciable fusion rates in the presence or absence of external Ca 2÷ ( Figure 5B ). We conclude that both n-synaptobrevin and syntaxin are required for latrotoxin-induced fusion of synaptic vesicles.
Mature Synaptic Vesicles Are Present in the Absence of Syntaxin or n-Synaptobrevin
Another independent signal to trigger transmission is the application of hyperosmotic saline to presynaptic terminals. Hyperosmotic saline greatly increases MEJC frequency in a variety of neuromuscular preparations (Furshpan, 1956; Niles and Smith, 1982) and at central synapses (Bekkers and Stevens, 1989) due to release of the restricted pool of docked vesicles (Stevens and Tsujimoto, 1995) . Similarly, in embryonic Drosophila NMJs, application of hyperosmotic bath saline induces a dramatic increase in MEJC frequency (Figure 6 ). A 50% increase in osmolarity (from 300 to 450 mOsm) results in a maintained 5-to 10-fold increase in MEJC frequency. Greater changes in osmolarity (from 300 to 600 mOsm) result in prolonged mass exocytosis of vesicles (Figure 6 ), which then decreases. Stimulation of the motor nerve over time (up to 1 hr) in such hyperosmotic solutions leads to progressively In wild-type (WT) NMJs, BWSV application (arrows) induces the mass exocytosis of synaptic vesicles at the NMJ that has both Ca 2÷-dependent (top trace) and Ca2+-independent (middle trace) components. In the presence of external Ca 2+ (1.0 mM; top trace), toxin application induces prolonged high frequency MEJCs and macroscopic synaptic currents (up to 500 pA). In the absence of Ca 2÷ (middle trace), toxin application induces prolonged release of high frequency MEJCs, but the macroscopic currents are absent. In TNT-expressing synapses, toxin application does not alter MEJC frequency either in the presence (1.0 mM Ca 2÷) or absence of external Ca 2÷ (bottom trace).
In syx mutants, appreciable rates of MEJCs are not stimulated by BWSV (data not shown). (B) MEJC frequencies following application of BWSV in wild-type (WT), TNT-expressing, and syntaxin mutant (syx) NMJs in the absence of external Ca 2÷. Each point shows the mean 4-SEM from at least 10 trials.
reduced EJC amplitudes, suggesting that the number of available vesicles is being depleted (data not shown). In TNT embryos, which have already been demonstrated to allow spontaneous MEJCs, application of hyper- A normal bath saline of 300 mOsm was used in all experiments. Two concentrations of hyperosmotic salines were pressure injected onto the muscles in the mature embryo (22-24 hr AEL): high osmolarity (600 mOsm; upper traces) and moderate osmolarity (450 mOsm; lower traces). In wild type (WT), application of 600 mOsm saline (arrow) induced mass exocytosis for the duration of application. Application of 450 mOsm saline (lower trace) induced high frequency MEJCs in which individual events can be clearly distinguished. In TNT, vesicle release in response to high osmolarity salines was indistinguishable from wild type. In syntaxin null mutants (syx), 450 mOsm saline induced clear MEJC events, though at a frequency reduced from normal. Similarly, application of 600 mOsm saline (arrow)induced mass exocytosis in syx, though the amplitude of this response was significantly reduced relative to wild type. In all three genotypes, very similar responses were observed with focal application of the Ca2+-chelator EGTA in the range of 0.5-1.0 mM (data not shown).
osmotic saline stimulates high levels of vesicle release in a fashion similar to wild type ( Figure 6 ). Likewise, in syx, application of hypertonic solutions can induce MEJCs although they are absent under normal conditions (compare Figures 5 and 6 ). At a 50% increase in osmolarity (from 300 to 450 mOsm), MEJCs occur in syx but remain very rare events relative to wild type and show a much greater variation in amplitude ( Figure 6 ). Both classes of MEJCs are observed, and both classes show a similar time course to wild-type events. If more elevated osmolarity saline (600 mOsm) is applied, mass exocytosis can be triggered in syx similar to wild type (Figure 6 ), though the amplitude of this event is invariably smaller. Whether this amplitude difference is due to the decreased number of synaptic boutons in syx ( Figure 1E ) or a decreased likelihood of vesicle fusion remains unknown. However, these results support the finding of docked vesicles in syx and demonstrate these vesicles to be mature and functional.
Discussion
Syntaxin and n-Synaptobrevin Function Downstream of Vesicle Docking as Judged by UItrastructural Analysis and Quantal Release
In Drosophila synapses, removal of syntaxin or n-synaptobrevin blocks transmission downstream of vesicle docking. First, we showed that syx and TNT do not interfere with NMJ development and architecture as judged by protein Iocalizations and morphological appearance in the light microscope. This statement is qualified by the observation that the number of synoptic boutons is reduced in syx mutants. Second, in wild-type, syx, and TNT NMJs, ultrastructural analyses revealed synaptic vesicles in direct physical contact with the specialized presynaptic release sites, which are known to show exocytotic figures (Jia et al., 1993) . In agreement with comparable descriptions for vertebrates and other invertebrates (e.g., Heuser et al., 1979; Bommert et al., 1993; Hess et al., 1993; Hunt et al., 1994; DeBello et al., 1995) , we consider such vesicles as docked. Third, the significance of our ultrastructural findings is supported by the electrophysiological results showing that MEJCs persist in TNT, strongly suggesting the presence of a docked vesicle population competent to fuse. Finally, MEJCs can be stimulated by hyperosmotic saline in syx. Such MEJCs have been demonstrated to be due to fusion of the restricted pool of docked vesicles (Stevens and Tsujimoto, 1995) . Thus, by both ultrastructural and electrophysiological criteria, vesicles dock at release sites in the absence of syntaxin and synaptobrevin. Our electrophysiological conclusions rest on the classical assumption that MEJCs represent spontaneous vesicle fusion. However, at the Drosophila NMJ, the nature of MEJCs has been somewhat unclear Kidikoro and Nishikawa, 1994) . A problem arises since stimulation of the late embryonic NMJ in low Ca 2÷ results in the release of single quantum that activates only a few (two to four) postsynaptic receptors . This small response appears to be due to the sparse postsynaptic receptor field, limiting quantal response at the developing synapse, and has been similarly demonstrated at newly developing vertebrate NMJs (Evers et al., 1989) . In contrast, in the presence of Ca 2÷, much larger spontaneous M EJCs (activation of 15-20 receptors) have been described as representing quantal events (Kidikoro and Nishikawa, 1994) . However, these large MEJCs do not appear to represent quanta for several reasons: they are strongly Ca 2÷ dependent, they are interspersed with a large number of smaller events, they can often be resolved into smaller quanta (summation), and they are much larger than the minimal quanta evoked by stimulation Kidikoro and Nishikawa, 1994) . Thus, these large MEJCs appear to be the sum of synchronously released quanta.
Owing to this complication, we have restricted our analyses to Ca2+-free conditions. In the absence of Ca 2+, the large MEJCs are essentially absent but two populations of quantal MEJCs are still observed ( Figure 4A ): class 1, rare MEJCs with large amplitude and rapid time course: class 2, relatively frequent MEJCs with smaller amplitude and markedly slower time course. In the light of recent reports that ventral muscles in the Drosophila embryo are electrically coupled (Gho, 1994; Kidikoro and Nishikawa, 1994) , these different populations of MEJCs can now be interpreted as quanta released onto the clamped muscle fiber (class 1) and as quanta released onto a number of coupled neighboring muscle fibers (class 2). According to this hypothesis, the higher frequency of class 2 MEJCs arises since they represent quanta released at a number of NMJs on coupled fibers, and the electrical characteristics of class 2 MEJCs arise from electrical filtering occurring at muscle fiber junctions ( Figure 4A ). Attempts to test this hypothesis, by uncoupling muscles following the methods of Gho (1994) , have so far failed owing to an increase in background noise (K. B., unpublished data). Nevertheless, we suggest that the MEJCs reported here and in previous studies Sweeney et al., 1995) represent spontaneous vesicle release onto a group of coupled muscle fibers.
Syntaxin, Synaptobrevin, and the SNARE Hypothesis
Our observations suggest that the SNARE hypothesis does not adequately describe vesicle targeting or docking during synaptic transmission, at least in Drosophila. An alternative possibility is that other SNAREs exist in these synapses. For example, another member of the syntaxin protein family (Bennett et al., 1993 ) may be present that plays a t-SNARE docking role distinct from the role of the syntaxin protein described here. Alternatively, syntaxin may have a functionally redundant docking role with SNAP-25 that has been proposed as another presynaptic t-SNARE (S611ner et al., 1993a, 1993b) and is known to be present in Drosophila (Schulze et al., 1995) . Since synaptobrevin normally forms a complex with both syntaxin and SNAP-25 (Hayashi et al., 1994) , it is possible that either syntaxin or SNAP-25 alone is sufficient to mediate synaptic vesicle docking at active zones. The strongest candidate for a distinct v-SNARE is synaptotagmin, another integral vesicle protein that binds syntaxin (Bennett et al., 1992) . However, in Drosophila, some evoked vesicle fusion persists in the absence of synaptotagmin , suggesting that targeted vesicle docking must persist. A recent study of synaptotagmin I null mutants in mice also shows no defect in vesicle docking (Geppert et al., 1994) . Thus, genetic deletion of each of these SNAREs (syntaxin, synaptobrevin, and synaptotagmin) has failed to reveal a vesicle docking function for these proteins, though each protein plays other essential roles in synaptic transmission. We conclude that the simple SNARE hypothesis is probably not sufficient to describe vesicle targeting in synaptic transmission without recourse to combinatorial models involving several proteins.
Synaptobrevin Functions Downstream of Docking but Upstream of Fusion
In Drosophila, n-synaptobrevin plays an essential role in synaptic transmission that is downstream of vesicle docking. In the absence of functional n-synaptobrevin, clustered vesicles accumulate near release sites and docked to the presynaptic membrane (Table 1 ), in agreement with earlier studies showing an arrest of docked vesicles upon TNT injection in the squid synapse (Hunt et al., 1994) . In the absence of n-synaptobrevin, evoked fusion of synaptic vesicles can not be elicited by either depolarization or other Ca2+-dependent and Ca2+-independent signals (i.e., latroinsectotoxin). These observations suggest that the protein acts downstream of the Ca 2+ signaling pathway per se and downstream of the latrotoxin regulatory level. As shown for vertebrates, latrotoxin-induced release is triggered via interaction with neurexins (Petrenko, 1993; Petrenko et al., 1993) . On the other hand, spontaneous vesicle fusion persists in the absence of n-synaptobrevin, suggesting that vesicles can undergo apparently normal fusion at release sites in the absence of the protein. Therefore, n-synaptobrevin is not required for synaptic vesicle fusion. We conclude that n-synaptobrevin is required to present the vesicle in an evoked fusion-competent state somewhere between receipt of the fusion signal (downstream of neurexin function) and the actual fusion step. The precise nature of this requirement remains unclear, but it is possible that synaptobrevin acts as a vesicle-associated regulator of evoked fusion through its interaction with the core proteins of the presynaptic fusion complex, such as syntaxin and SNAP-25 (Hayashi et al., 1994) . One attractive possibility is that n-synaptobrevin acts to mediate the interaction of the syntaxin-SNAP-25 complex to the Ca 2÷-sensing machinery (e.g., synaptotagrnin) during evoked vesicle fusion.
Syntaxin Plays a Role in Fusion
In the absence of syntaxin, neither evoked nor spontaneous fusion occurs at the NMJ, although release sites look perfectly normal at the ultrastructural level and show docked vesicles. In addition, synaptic vesicle fusion cannot be stimulated by latroinsectotoxin, suggesting syntaxin functions downstream of neurexins. Instead, fusion can only be triggered by completely nonspecific stimuli, such as hyperosmotic saline. Since such stimuli are thought to release docked vesicles only (Stevens and Tsujimoto, 1995) , the docked synaptic vesicles in syx appear to be mature and ready for fusion. However, in the absence of syntaxin, fusion fails to occur and docked synaptic vesicles accumulate at the presynaptic membrane (Table 1) .
Taken together, these data strongly suggest that syntaxin is required for the actual fusion event between vesicle and plasma membranes. Syntaxin is not only part of the specialized machinery underlying synaptic transmission, but appears to play a more general role in the ancestral exocytosis pathway, as it is required for both neuronal and nonneuronal exocytosis (Schulze et al., 1995) . Therefore, we suggest that syntaxin forms the central core of the molecular machine that allows fusion between vesicle and plasma membranes in all exocytotically active cells. This hypothesis would explain why syntaxin binds directly to most of the other components of the fusion complex, providing a direct link between the plasma membrane, vesicle membrane, and regulators of the fusion event such as the Ca 2+ channel, putative Ca 2÷ sensor (synaptotagmin), and associated factors (n-Secl, synaptobrevin, SNAP-25, et cetera). This hypothesis would also explain the mutant phenotype in Drosophila, with its absence of both induced and noninduced vesicle fusion both at the synapse and in other tissues (Schulze et al., 1995) . It would be predicted that such a central role of syntaxin in vesicle fusion might result in a cell-lethal phenotype, as indeed has been demonstrated for rop (Drosophila homolog of n-Secl), a syntaxin-binding protein (Harrison et al., 1994) . In the case of both rop and syx mutants, it is likely that survival into the late embryo is permitted owing only to the large contribution of maternal protein earlier in development (K. B., unpublished data).
In conclusion, genetic manipulations in Drosophila show that both syntaxin and n-synaptobrevin play essential roles in synaptic transmission. However, neither protein plays the synaptic vesicle docking role predicted by the SNARE hypothesis. Instead, both proteins play distinct, essential roles downstream of vesicle docking. Synaptobrevin plays a role specific to the synapse and is required somewhere between receipt of the evoked fusion signal and the actual fusion event. Syntaxin plays a role in the general ancestral exocytosis pathway and is likely to be required for the actual fusion event between vesicle and plasma membranes in all cells.
Experimental Procedures
Drosophila Genotypes
We used three genotypes in this study: wild-type (Oregon-R), syx-lA mutants, and trangenic lines expressing TNT throughout the nervous system. We used a strong hypomorphic allele of syx-lA (P[syx] ), and a null mutation (syx 229) that completely eliminates mRNA and protein expression (Schulze et al., 1995) . Tetanus neurotoxin (TNT), which cleaves synaptobrevin (Niemann et al., 1994) , was expressed in the nervous system of transgenic Drosophila embryos (Sweeney et al., 1995) . Flies homozygous for a yeast gal4 gene insert, 1407 (courtesy of J. Urban; see Brand and Perdmon, 1993) were crossed to flies homozygous for a construct of TNT light chain (catalytic domain; Niemann et al., 1994) coupled to the yeast UAS promoter. All offspring of this cross (TNT embryos) express catalytically active TNT light chain throughout the nervous system, which eliminates all detectable n-synaptobrevin protein at the NMJ (Sweeney et al., 1995) .
For all genotypes, analyses were done on mature embryos at the end of embryogenesis (22-24 hr after egg laying [AEL]). Eggs were collected at hourly intervals, then dechorionated in commercial bleach, staged as gastrulae (3 hr AEL), and incubated in a humid chamber at 25°C to the desired age. Mutant genotypes were determined by a combination of morphological phenotype, the use of marked balancer chromosomes, or immunocytochemical staining for TNT, n-synaptobrevin, or syntaxin as described previously (Schulze et ai., 1995; Sweeney et al., 1995) .
Histology
Staged embryos and larvae were immunocytochemically stained as reported previously (Broadie and Bate, 1993a) . In brief, animals were dissected along the dorsal midline, internal organs removed, and the preparation fixed flat for 30 min with 4% paraformaldehyde. The preparations were probed with a polyclonal anti-fasciclin II antibody (1:10), which recognizes the cytoplasmic domain of fasciclin II in all motor neurons (Van Vactor et al., 1993) ; with a monoclonal anti-TNT antibody (1:5000), which recognizes the transgenic toxin (Sweeney et al., 1995) ; with a polyclonal anti-synaptotagmin antibody (1:1000; Littleton et al., 1993) ; with a polyclonal anti-rat syn-lA protein (1:100), which recognized the Drosophila syn-lA protein (Schulze et al., 1995) ; with a monoclonal anti-cysteine string protein antibody (1:10; Zinsmaier etal., 1990); or with a polyclonal antibody against the HV62 peptide containing residues 33-94 of human synaptobrevin 2 (1:500; Shone et al., 1993) , which recognizes the Drosophila n-synaptobrevin protein (Sweeney et al., 1995) . The staining was visualized using a Vectastain ABC Elite kit as reported previously Bate, 1993a, 1993b) .
Electrophysiology
Electrophysiology was pursued at an identified NMJ on muscle 6 in the anterior abdomen (A2-A3) of mature embryos (22-24 hr AEL) as reported previously Bate, 1993a, 1993b) . Whole-cell recordings of muscle 6 were made using standard patch-clamp techniques. The muscle was voltage clamped at -60 inV. Signals were amplified using an Axpatch-1 D (Axon Instruments) patch-clamp amplifier and filtered at 2 kHz. Data was analyzed using pCLAMP 5.51 software (Axon Instruments). The genotype of embryos was confirmed following recording with the use of marked balancer chromosomes or immunocytochemical staining for TNT, n-synaptobrevin, or syntaxin.
The postsynaptic current was studied by L-glutamate iontophoresis as reported previously Bate, 1993a, 1993b) . In brief, a solution of 0.1 M L-glutamate was focally applied to the NMJ with short pulses (10 ms) of negative current and the resulting current measured in the voltage-clamped muscle. The EJC was studied by stimulating the motor nerve with a suction electrode near where it exits the CNS and recording the synaptic current in the voltage-clamped muscle, as reported previously (Broadie and Bate, 1993a) . Spontaneous MEJCs were studied after the motor nerve was cut, and recordings were made in 0 mM Ca ~÷ saline buffered with 0.1 mM EGTA, as reported previously Sweeney et al., 1995) .
The latroinsectotoxin response was measured as follows: frozen BWSV glands were obtained from Sigma, homogenized in a ground glass homogenizer, and filtered through a Millipore filter (0.2 l~m). The toxin was applied directly to the muscles with a pressure pipette during continuous monitoring of MEJC frequency. The venom was applied either in the presence of external Ca 2+ (1.0 mM) or Ca2+-free bath (buffered with 0.1 mM EGTA).
The response to hyperosmotic salines was measured as follows: dissected embryos were maintained in a bath saline at 300 mOsm, within the range of normal Drosophila salines (Stewart et al., 1994) . High osmolarity salines (range of 350-600 mOsm) were applied directly to the muscles with a pressure pipette during continuous recording of MEJC frequency. The osmolarity of the applied saline was regulated with sucrose (Sigma; 99.9% pure). Saline containing EGTA (range 0.5-2.0 rnM) was applied in a similar fashion.
Electron Microscopy
Specimens for all three genotypes were generated in two ways: either dissected embryo flat preparations (Broadie and Bate, 1993a) were fixed in Trump's fixative, then postfixed, dehydrated, and embedded following a standard protocol for larval NMJs (Atwood et al., 1993; Jia et al., 1993) , or intact embryos were injected (for details see Prokop and Technau, 1993) with 5% glutaraldehyde in 0.05M phosphate buffer (PB), followed by 1 hr postfixation in 2.5% glutaraldehyde in 0.05 M PB. Owing to the thin cuticula (Schulze et al., 1995) , syx embryos were not injected but were mechanically deviteliinized and directly incubated in the postfix solution. Preparations were briefly washed in 0.05 M PB, fixed for 1 hr in 1% osmium in dH20, washed in dH20 for 10 min, treated en bloc with an aqueous 2% solution of uranyl acetate, dehydrated, and embedded in araldite. Serial sections (30-50 nm; gray to silver) were transferred to carbonated Formvarcoated slot grids following the method of Galey and Nilsson (1966) , postcontrasted with lead citrate for 5-10 rain, and analyzed on a Phillips EM300 or Jeol 200CX.
For electron microscopic statistics, vesicles at ultrastructurally defined NMJ release sites were counted. Clustered vesicles were counted that were within 180 nm (5-vesicle diameters) of the electrondense presynaptic membrane. Docked vesicles were counted as those vesicles within 40 nm (<l-vesicle diameter) range from the presynaptic membrane. Significance was analyzed using Mann-Whitney U tests.
